Entrapped double oxide films are known to be the most detrimental defects in cast aluminium alloys. The research reported here was aimed at surveying the results of previous researches studying how these defects develop with time, with the intention of understanding their behaviour in the liquid metal once they have formed. This would give a better understanding of factors influencing the properties of light metal alloy castings which will lead to the development of improved practices by which healthier castings with reliable and more reproducible properties are obtained.
INTRODUCTION
The use of aluminium and aluminium alloys has increased in recent years specially in automobiles and aerospace industries due to the excellent combination of light weight, high strength, great corrosion resistance, and reasonable cost which had made aluminium and its alloys one of the most commonly used metal groups [1, 2] . Whereas weight saving by substituting light metals for heavy metals has been standard practice for generations in critical aerospace structures, it has now reached top priority status in a variety of other industries, including those manufacturing cars, trucks, military vehicles, aviation ground support vehicles, munitions, building and highway structures, and construction equipment [1] [2] [3] [4] .
As the use of cast aluminium has increased, where their mechanical properties must be reliable and reproducible, and since the mechanical properties of Al castings were greatly affected by their inclusion contents, it was important to study these inclusions, their types, causes and harmful influences on castings.
One of the most important casting defects affecting the reproducibility of mechanical properties of aluminium castings is the double oxide film defect [3, 5] , created due to surface turbulence of the liquid metal, a feature common during metal transfer and pouring in the shape casting process. When the liquid metal surface is exposed to air, a surface oxide film forms. As a result of surface disturbance, the liquid metal surface can be folded over onto itself, causing the oxidised surfaces of the folded-over metal to come together but not to fuse, trapping a layer of the local atmosphere between them, and creating a double oxide film defect or "bifilm" which can be entrained into the bulk metal [1, 2] . Such entrained double oxide film defects represent one of the easiest possible initiating features for cracks, since their unbonded inner surfaces can be separated with little force. Also, gas dissolved in the liquid metal can precipitate inside the bifilm initiating porosity [6] . In addition, double oxide films are favourable sites for the nucleation and growth of intermetallic compounds. These effects not only reduce the elongation, tensile strength and fatigue properties of aluminium alloy castings, but also increase their variability [7] [8] [9] [10] [11] .In this work the earlier studies about the mechanisms by which such defects are created, and the corresponding change in mechanical properties of aluminium alloy castings are reviewed in detail. Understanding these issues could lead to the development of techniques by which the effect of double oxide film defects in aluminium castings might be reduced or eliminated.
FORMATION OF DOUBLE-OXIDE FILM DEFECTS
Due to its high reactivity, liquid aluminium is likely to be always covered with a layer of aluminium oxide. If this layer is broken, it is expected to reform almost instantaneously. Results by Weigel and Fromm [12] in 1990, indicated that in a 1 bar O2 atmosphere, the surface of an Al melt would be recovered with an oxide skin of about 1 μm in about 10 milliseconds.
As a result of the surface disturbance during metal flow, the surface of the liquid metal is folded over onto itself. This causes the upper and lower oxidised surfaces of the folded-over metal to come together and trap a layer of the mould atmosphere between them, creating a double oxide film defect. This defect is then incorporated into the bulk liquid in an entrainment action. Two mechanisms have been held responsible for the entrainment of bifilms in Al castings; 6 one occurs while the metal is being melted, while the other takes place as the metal is poured.
The mechanism responsible for the entrainment actions occurs mostly during pouring of the metal and is dependent on two important terms; the Weber number and the critical velocity. The Weber number (We) is defined as the ratio of the inertial pressure in the melt (that acts to disturb the surface) to the pressure due to surface tension (that tends to keep the surface flat) [3] . It can be written as:
ρ is the density of the melt in kgm -3 , γ is the surface tension in Nm -1 , V is the metal velocity in ms -1 and L is a characteristic parameter in mm. For flow in channels, L is the ratio of the cross-sectional area of the channel to its wetted perimeter. The critical velocity (Vc) is the flow velocity at the mould entrance (the ingate) above which entrainment of surface oxide films would occur [3] , and is commonly written as the following (derived assuming an average value for L of about 1.7 mm):
For liquid aluminium γ= 1 Nm -1 and ρ= 2400 kgm -3 , hence, the critical velocity can be estimated to be about 0.5 ms -1 . If the inertial forces in the liquid exceed the surface tension forces (i.e. Weber number >1), the surface would suffer a significant turbulence which is sufficient to make it enfolding. This situation is equivalent to when the mould-entry velocity exceeds the critical velocity which forces the surface to be propelled upwards, achieving a height sufficient that it may enfold its oxide surface as it falls back under gravity [3, 5] .
Halvaee and Campbell [13] in 1997, investigated the critical mould entry velocity for different aluminium bronze alloys. During the casting experiments, the metal was introduced into the mould cavity at different mould entry velocities. The filling process of the mould was recorded using a video camera to monitor the flow behavior of the liquid metal. Also the defects in the finished casting were assessed using x-ray radiography and SEM. The critical velocity was found to be about 0.4±0.08 ms -1 . Almost similar results were obtained by Bahreinian et al. [14] , in 2006 and during their study of magnesium alloy castings. Their results showed a critical ingate velocity of about 500 mms -1 .
HARMFUL EFFECTS OF DOUBLE OXIDE FILMS ON AI CASTINGS
Entrained double oxide film defects represent the easiest possible initiating features for cracks and pores, since they are not in atomic contact with the liquid and their dry inner surfaces can be separated with minimal effort. Also the strength of these features is much lower than the rest of the matrix and the fracture path is expected to preferentially go through them. It has been suggested by Campbell [5] that, after entrainment and due to internal turbulence in the bulk liquid, the entrained film might become compacted in a convoluted form. Afterwards, and during solidification the bifilm might unfurl and then re-establish its shape as a planar crack. Moreover, hydrogen in the liquid aluminium may diffuse into the bifilm causing its expansion into a pore [15] . Finally, double oxide films are considered to be favourable sites for the nucleation and growth of a wide variety of intermetallics [16] . These defects not only reduce the elongation, tensile strength and fatigue limit of the aluminium casting, but also increase their variability.
Reduction of the mechanical properties of castings
The fracture of components is comprised of three stages; crack initiation, crack propagation, and final rupture. If there are major structural defects present in the casting, such as pores and oxide films, the crack initiation stage is almost nonexistent. Therefore, the mechanical properties of aluminium castings are dominated by the crack growth stage. It has been suggested that, if crack initiation can be delayed, then cast Al alloys could exhibit better tensile properties and longer fatigue lives [17] .
Green and Campbell in 1993, studied the effect of surface turbulence of the melt during mould filling on the strength of Al-7Si-Mg aluminium alloy castings [18, 19] . The factors considered were the filling technique (top and bottom filling), design of the runner system and use of filters. Cast test bars were produced under three different conditions; top filling (TF), bottom filling at a metal velocity greater than 0.5 ms -1 [turbulent bottom filling, (TBF)], and bottom filling through a filter at an initial metal velocity of less than 0.5 ms -1 , denoted turbulent-free bottom filling (TFBF).Statistical analysis of the tensile results revealed Weibull moduli of 11, 20 and 38 for the TF, TBF and TFBF castings respectively. This could be support for the hypothesis that as double oxide films increased in the Al castings (as a result of the higher degree of surface turbulence during pouring), the variation in the fracture strength was increased.
Almost the same conclusion was reached by Mi and others [20] in 2003, who applied the Weibull analysis to assess the reliability of castings from an Al-4.5Cu alloy under smooth and surface-turbulent filling procedures. A computational fluid dynamics (CFD) code was used to evaluate the area of the free surface film entrained into the bulk of the liquid metal under different filling conditions. The authors reported a fall in the Weibull modulus of the UTS from 36 (when almost no entrainment of surface film occurred) to 13 (when more surface area was entrained into the melt to create double oxide film defects), a reduction with a factor of about 2.5 which corresponded to an increase in film surface area by a factor of 2.07. Also, an increase in the UTS of A356 alloy castings from 150 to 285 MPa was reported by Chen and Zhang [21] in 1993, to be associated with a decrease in the amount of oxide films on the fracture surfaces of test bars.
In their investigation of the sources of variability in the tensile properties of A356 alloy castings, Gokhale and Patel [22] evaluated the total area fraction of all defects on the fracture surfaces. Figure  1 shows an example of the fracture surface of a tensile specimen. The authors considered this as evidence for the deleterious effect of such defects on the mechanical properties of Al castings, as the ductility of the castings can, theoretically, reach zero when the percentage of oxide films become 25%. However, in both researches, the authors did not distinguish the variability in the tensile properties caused by oxide films from that related to other defects like pores and inclusions. This would weaken the evidence about the effect of bifilms on the mechanical properties of Al in such studies.
In a study of the fatigue behaviour of Al-7Si-Mg alloy die castings using four-point bend testing, Jiang et al. [24] in 1999, suggested a significant role for bifilms in controlling the fatigue lives of the test specimens. Figure 4 shows an SEM image with the corresponding EDX analysis for the fracture surface of a die-cast fatigue specimen in which a spinel film was observed at the fatigue crack initiation area.
Figure 4.
A typical example of oxide film observed in the fatigue crack initiation area of a die-cast specimen [24] However, the oxygen peak (shown in the EDX diagram) was extremely low (2.5 counts), reducing the value of the EDX spectrum as evidence of the presence of an oxide at this area.
Many other researchers have also discussed the significant role of double oxide film defects in controlling the tensile and fatigue properties of Al castings [25] [26] [27] [28] . They reported a considerable enhancement in properties when applying HIPping as a technique to deactivate such defects.
Formation of Porosity
In their first attempt to examine the unfurling of bifilms, Fox and Campbell [29] in in 2000, used a Reduced Pressure Test (RPT) to expand the internal atmosphere of double oxide film defects during solidification of Al-7Si-0.4Mg alloy. RPT samples were solidified under a partial vacuum, ranging from 1 to 0.01 atm. and then examined using x-ray radiography, as shown in Figure 5 . The authors reported that, as the local atmospheric pressure during solidification was reduced, the dimensions of the crack-like porosity increased. The streak-like appearance of the porosities showed that they were essentially planar defects. In an attempt to turn the method used by Fox and Campbell [29] to visualize double oxide film defects in aluminium alloys into a quantitative approach, Dispinar and Campbell [30] [31] [32] [33] introduced the concept of a "bifilm index" the sum of maximum lengths of the pores on the polished surface of a RPT sample. The authors compared two castings (with different amounts of oxide films introduced by different pouring techniques) that were solidified under different reduced pressures. Figure 6 shows x-ray images of RPT samples cast with different degrees of surface turbulence and solidified under different pressures. Under a pressure of 100 mbar and for a RPT sample of dimensions 50x35x15 mm, the bifilm indices for clean and unclean melts were 39 mm and 188 mm respectively [33] . It was noticed that when following an appropriate casting practice that tended to minimize the possibility of bifilm entrainment, the amount of pores in the casting would be a minimum [ Figure 6 The authors argued that double oxide films would work as initiators for the gas porosity in Al castings while the hydrogen acted only as a contributor to the porosity formation process [31] . They suggested that, during solidification, the hydrogen, in excess of the solubility limit, comes out of solution and diffuses into the bifilm gap, expanding it into a pore. Therefore, as more bifilms are incorporated into the melt during pouring and handling, more pores would be expected in the solidified casting. The application of vacuum during solidification helped the pores to expand further becoming more visible in the x-ray image. However, in this study the authors did not present any evidence to support their suggestion that all the pores observed came from oxide films.
Evidence for the role of bifilms in the formation of porosity in Al castings was introduced by Mi et al. [34] who reported the presence of oxide films draped over dendriteswithin shrinkage pores in TiAl castings. Figure 7 (a) is a macro view of a pore. A comparison between the area containing oxide films and the rest of the pore is illustrated in Figure 7 (b). EDX analysis [shown in Figure 7 (c) and (d)] of areas 1 and 2, respectively, confirmed the presence of oxygen in the rough area and showed that the area was titanium and/or aluminium oxide.
Precipitation of iron intermetallics on oxide film surfaces
According to Cao and Campbell [35] [36] [37] [38] [39] [40] , the wetted faces of bifilms are favored substrates for the nucleation and growth of iron-rich intermetallics. The authors reported the observation of Fe-rich crystals on double oxide films on sectioned samples of Al-11.5Si-0.4Mg cast alloys. They suggested that the gap between the two inner sides of a double oxide film is the main cause of the common observation of cracks among intermetallics, which reduces the ductility and toughness of Al castings. Examples of iron intermetallics are shown in Figure 8 . The same phenomenon was also reported by Mhata et al. [41] . 
PREVENTION OF BIFILMS ENTRAINMENT
Runyoro et al. [42] tried to establish a methodology for producing defect-free castings. They studied the ingate velocity after which entrainment of surface defects took place. The authors argued that the strength of the castings poured at velocities less than the critical velocity were good, but above the critical velocity the strengths of the castings became unpredictable. They related the scatter of the results to the chaotic nature of the surface turbulence of the liquid metal entering the mould. They also suggested that top-gated filling techniques could not produce sound castings [42] , and showed this by calculating the height of the fall of liquid (h), using the following equation:
Considering the velocity (V) of liquid Al to be 0.5 ms -1 (the critical velocity) the height at which this velocity occurred was 12 mm, which is exceeded in any normal conditions of top-gated running systems. Therefore, only bottom-gated filling systems can produce reliable castings if the ingate velocities are to be kept below the critical velocity. They also suggested that there was an inverse relationship between the thickness of the cast plate and the critical velocity. The critical velocity was 0.5 ms -1 for 5-mm plates, 0.3 ms -1 for 10-mm plates and reduced to only 0. 2000), who all recommended that the gating system should be designed so that the metal enters the mould from the bottom to avoid surface turbulence during the filling process.
Serratos and others [45] studied the effect of stirring of Al melts on the generation of double oxide films in A356 alloy castings. In their work bifilms were introduced into the melt via stirring using a flat paddle attached to a rotary drill with a speed of 550 rpm, which was used to stir the melt for different times. Samples were solidified under partial vacuum conditions to improve the unfurling of bifilms making them more detectable by radiography. The authors assumed that all pores detected in the radiographs were bifilms inflated during solidification as a result of reduced pressure. Image analysis software was used to evaluate the number of pores in a radiograph, and this number was then divided by the volume of the radiograph slice to determine the number of pores per volume. The results showed that the number of pores per volume of the sample was increased by longer stirring times. The authors reasoned that stirring created a vortex in the liquid metal leading the surface of the melt to enfold over onto itself and entrain its oxide skin as a doubledover oxide film, and increasing the stirring time increases the number of bifilms.
The influence of the design of the runner (which affects the ingate velocity and consequently the amount of oxide films entrained) on the mechanical properties of A356 alloy castings was studied by Dai et al. [46, 47] in 2003. Three different designs of running systems were used; Cylindrical or Vortex-flow (VR), Rectangular (RR) and Triangular (TR) runners were considered, as shown in Figure 9 . Four-point bend testing was used to characterise the castings produced from the different runner designs and the fracture surfaces were investigated using SEM. Also, CFD modeling was used to identify the flow behaviour in the different running systems. The Weibull moduli of the bending strength for the VR, RR and TR running systems were 20, 12 and 11 respectively. The authors suggested that when using the RR or TR runner designs, the ingate velocities were higher than 0.5 ms -1 (the critical velocity), which caused severe surface turbulence and resulted in the entrainment of double oxide films inside the bulk liquid and a corresponding reduction in the mechanical properties. When considering the VR system its cylindrical cross-section helped in reducing the acceleration of the incoming flow of liquid metal by the rapid rotation of the melt inside the runner before entering the mould cavity. This led to a reduction in the ingate velocity to less than 0.5 ms -1 , which minimised the amount of entrained oxide films and correspondingly enhanced the mechanical properties.
ELIMINATION OF BIOFILMS
Staley et al. [26, 27] in 2007, studied the effect of hot isostatic pressing (HIP) on the mechanical properties of A206 Al alloy castings. In this work, aluminium ingots were produced by a direct chill casting technique to allow them to contain oxide films and porosity. After that a number of ingots were HIPped at a temperature of about 500ºC and a pressure of 100 MPa for 4 hours. Tensile and fatigue properties were found to be improved due to such treatment. The average UTS (in MPa) and % elongation were increased from 296 and 1.4 respectively for un-HIPped castings to 394 and 11.4 respectively for the HIPped castings. Also minimum and maximum cycles to failure were raised from 6x10 3 and 8.4x10 4 respectively for un-HIPped samples to 1.8x10 5 and 8.7x10 6 respectively for HIPped samples. Based on microstructural examination the authors suggested that the enhancement was because of the ability of HIPping to heal bifilms (especially thin ones). They proposed a mechanism for healing of bifilms that involved the fracture or splitting of the constituent films of the bifilms which might reduce their harmful influence on the mechanical properties of the castings.
In their investigation of the fatigue performance of A356 alloy, Wang et al. [28] in 2001, reported that oxide films and porosity had a detrimental effect on fatigue life by shortening not only fatigue crack propagation, but also the initiation period. The decrease in fatigue life was directly correlated to the defect size. Their results showed also that HIPped samples expressed a characteristic fatigue life of 5.8x10 6 cycles compared to 8.2x10 5 cycles for un-HIPped samples.
The authors related this to the HIPping ability to squash bifilm defects and porosity, decreasing their size and decreasing or eliminating their role as fatigue-crack initiators. An improvement in the fatigue life of A356 alloy castings was also reported by Nyahumwa et al. [17] . The range of fatigue lives increased from 5x10 3 to 100x10 3 cycles for un-HIPped castings, to 20x10 3 to 400x10 3 cycles for HIPped castings.
Papworth and Fox [48] in 1998, studied the effect of adding bismuth on oxide films within AE109 alloy (Al, 12 wt% Si, 1 wt% Cu, 1 wt% Mg, 1 wt% Ni) castings and showed that addition of bismuth disrupted oxide film formation. In the liquid state, bismuth is immiscible with aluminium above 3.4 wt% Bi, and it forms a surface covering on the liquid alloy reducing the ability of aluminium and magnesium to form an oxide film. This would slow down the formation of the oxide film, disrupting its integrity and therefore, leading to thinner oxide layers of reduced strength. After entrainment and due to bulk turbulence the film (now much weaker) would break up into small pieces, eliminated the formation of long oxide films within the casting.
It should be noted that a longer crack (even a thinner one) is more harmful to the mechanical properties than a shorter and thicker crack. This is because a longer crack would cause more reduction in the cross-sectional area bearing the force in a section under an applied load than a shorter crack would. In addition, a thinner crack would have tips with sharper angles that would allow faster crack propagation under the applied load.
However, no assessment of the mechanical properties of the castings produced with or without the addition of bismuth was presented in this study. It would be important to verify the enhancement in the reliability of a casting's properties due to such treatment. A possible outcome of adding bismuth may be to have bifilms from Bi2O3 instead of Al2O3 or MgAl2O4 without any improvement in the tensile and fatigue properties of the castings.
El-Sayed et al. [49] [50] [51] [52] [53] [54] [55] [56] , El-Sayed and Griffiths [57] , El-Sayed and Ghazy [58] , Griffiths et al. [59] [60] [61] , Basuny et al. [7] and El-Sayed [9, 62, 63] have carried out several experiments to study the effect of time on double oxide film defects. Their results suggested that the oxygen and nitrogen within the atmosphere of a double oxide film defect would be consumed by reaction with the surrounding liquid metal, with initially the reaction of oxygen to form Al2O3, MgAl2O4 or MgO (for pure Al, 2L99 or Al-5Mg alloy melts), and then the reaction of nitrogen to form AlN. Also, hydrogen was shown to consistently diffuse into the bubble. The main factor affecting the reaction rates and the rate of H diffusion was the chemical composition of the alloy (its Mg content) and hence the type of the oxide. The rates of composition change were fastest with Al-5Mg alloy, slower with pure Al and slowest with 2L99 alloy. Based on the rates of consumption of oxygen and nitrogen, the time required for the consumption of the gases within the atmosphere of a double oxide film defect was determined. Bifilms entrained in pure Al, 2L99 or Al-5Mg alloy melts would lose their interior atmosphere in about 9, 25 and 6 minutes respectively. In addition, the Weibull analysis of the tensile properties of specimens from different Al alloys, containing double oxide film defects with different ages suggested the occurrence of two competing mechanisms that controlled the mechanical properties. The consumption of air inside the bifilms due to reaction with the surrounding molten metal may lead to improvements in mechanical properties, but this may be accompanied by hydrogen passing into the bifilms, which would have a deleterious effect on properties. These suggestions was verified by comparing the Weibull moduli of two castings, both containing bifilms (of almost the same ages), but with different H contents. It was found that decreasing the H content of the castings (by about 50%) improved the Weibull moduli of the UTS and the % elongation by factors of 4 and 2 respectively. Therefore, if the H content of the melt could be decreased (by degassing) prior to pouring into the mould and then the filled mould could be held in a furnace with a dry atmosphere that contains the minimum possible water vapour content, this would allow a casting producer to benefit from the holding treatment in reducing the bifilm atmospheres (by reactions with the surrounding melt), while preventing the formation of H porosity. This would decrease the size of bifilm defects and in turn lead to castings with higher and more reproducible mechanical properties.
CONCLUSION
1. Oxide film defects are usually created by entrainment action resulting from the surface turbulence of the melt during handling. 2. SEM examination of the fracture surfaces of test bars from different studies revealed oxide films, which demonstrated a role for such defects in influencing the failure of Al castings. 3. Optimization of mould design was shown to decrease the velocity of the melt at the mould entrance and accordingly minimize the possibility of bifilm entrainment. 4. Several post processing treatments were also found useful in deactivating the entrained bifilms such as hot isostatic pressing as well as the addition of bismuth.
